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Anion  conductive  solid  electrolytes  based  on  Mg–Al  layered  double  hydroxide  (LDH)  were  prepared  for
application  in  an  all-solid-state  Fe–air  battery.  The  ionic  conductivity  and  the  conducting  ion  species
were  evaluated  from  impedance  and electromotive  force  measurements.  The  ion  conductivity  of  LDH
was  markedly  enhanced  upon  addition  of KOH.  The electromotive  force  in  a water  vapor  concentrationvailable online 4 April 2014
eywords:
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ron oxide-supported carbon
cell  was  similar  to  that of an  anion-conducting  polymer  membrane.  The  KOH–LDH  obtained  was  used  as  a
hydroxide  ion  conductive  electrolyte  for all-solid-state  Fe–air  batteries.  The  cell  performance  of  the  Fe–air
batteries  was  examined  using  a mixture  of  KOH–LDH  and  iron-oxide-supported  carbon  as  the  negative
electrode.
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. Introduction
Rechargeable metal–air batteries have attracted considerable
ttention owing to their high theoretical speciﬁc energy density
apacities that exceed those of lithium-ion (Li-ion) batteries. The
nergy density is determined by the type of metal used for the
egative electrode, for example, zinc [1,2], aluminum [3], magne-
ium [4,5], sodium [6], lithium [7–10], and iron [11–16], because
o oxygen in the air needs to be stored as the active material
n the positive electrode. Li–air batteries are the most popular
mong metal–air batteries, although they still experience a num-
er of problems such as the decomposition of the organic liquid∗ Corresponding author at: Department of Electrical and Electronic Information
ngineering, Toyohashi University of Technology, 1-1 Hibarigaoka, Tempaku-cho,
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lectrolytes and deposition of discharge products on the positive
lectrode [8]. In contrast, the Fe–air battery has potential for use
n secondary batteries because iron does not form dendrites during
harge–discharge cycling. Although discharge capacities have been
eported to decrease as the resistance of the battery increases due
o passivation of the iron surface, the utilization efﬁciency of iron
ould be improved by construction of conduction paths with the
iniaturization of the iron particles [11–13]. The charge–discharge
erformance was  also improved by the addition of metal sulﬁde
nto the electrolyte because chemisorption of sulﬁde ions to iron
itigates the passivation by iron hydroxide in alkaline electrolyte
olutions [12–15]. Most conventional batteries use aqueous alka-
ine solutions as the electrolyte. Solidiﬁcation of the electrolyte is
ne of the effective means to enhance the reliability of the bat-
eries from several drawbacks like the volume change by leakage
nd freeze of liquids [10,16]. Layered double hydroxides (LDHs)
re interesting materials for use as hydroxide ion conductors
wing to their layered structure intercalated with anions and water
olecules [17–20]. In this study, we  report the hydroxide ion con-
uctivities of solid electrolytes based on Mg–Al LDH with the addi-
ion of KOH. The ionic conductivity and the conducting ion species
ere investigated using impedance and electromotive force mea-urements. As an application of the hydroxide ion conductor,
ll-solid-state Fe–air batteries were fabricated using the composite
nodes composed of the solid electrolyte and iron oxide-supported
arbon with and without potassium sulﬁde as an additive.
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between 0 and 2. This indicates that most of the KOH disperses in
the LDH-based matrices without chemical reactions between KOH
and LDH occurring. The particle size in the KOH–LDH powder was
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. Experimental
.1. Preparation of KOH–LDH gel powder
Mg–Al LDH with a formula of Mg6Al2CO3(OH)16 as a matrix
or the KOH addition was prepared by the co-precipitation
ethod. Reagent-grade Mg(NO3)2·6H2O, Al(NO3)3·9H2O, Na2CO3,
aOH, and KOH purchased from Wako Pure Chemical Industries
td. were employed as starting materials. Mg(NO3)2·6H2O and
l(NO3)3·9H2O were dissolved in deionized water at a Mg:Al molar
atio of 3:1. The mixture was added into a 0.3 M Na2CO3 solution
ith stirring at 80 ◦C. The pH was adjusted to pH 10 with 2 M NaOH
nd the mixture was then aged at 80 ◦C for 17 h. The resulting pre-
ipitates were ﬁltrated, washed with deionized water, and dried
t 80 ◦C. KOH was dissolved in distilled water and an appropriate
mount of the Mg–Al LDH was then added to the solution. The
ixture was stirred at room temperature until gelation occurred
omogeneously. The molar ratio of KOH:LDH was changed from 0
o 2:1. Five kinds of KOH–LDH gels with different KOH:LDH molar
atios were dried at 60 ◦C for 2 days in a constant temperature
ven. The dry gels were pulverized into powders and used as solid
lectrolytes.
.2. Construction of the all-solid-state Fe–air battery
The cell used for the Fe–air battery had a three-layer cell
tructure composed of a negative electrode, solid electrolyte, and
ositive electrode. KOH–LDH dry gel powder at a KOH:LDH molar
atio of 2:1 was employed as the solid electrolyte. Two  kinds of
omposite, one with and one without the addition of K2S, were
sed in the negative electrode. These composites consisted of an
on-conducting KOH–LDH electrolyte and iron-oxide-supported
arbon. K2S was added at a mass fraction of 0.1 relative to the
omposite. The iron-oxide-supported carbon was prepared as fol-
ows. Iron(III) acetylacetonate [Fe(acac)3; Dojin] was employed as
he iron source and was dissolved in ethanol at room temperature.
arbon black (KetjenBlackEC600JD, Lion Corp.) was  ultrasonically
ispersed in solution for 30 min. The mixture was  then kept at
00 ◦C for 1 day to remove the solvent. The resulting products were
eat treated at 400 ◦C for 2 h in a nitrogen ﬂow. The weight ratio
f the Fe:carbon black:KOH–LDH electrolyte was 1:2:7. Manganese
ioxide (MnO2; Tosoh Corp.) was employed as the cathodic cata-
yst. MnO2 (1 mg  cm−2) with carbon black was supported on carbon
aper deposited with poly(tetraﬂuoroethylene). The cell was  pre-
ared by pressing at 400 MPa  to obtain a three-layered pellet of
6 mm in diameter and 1–2 mm in thickness.
.3. Characterization
Powder X-ray diffraction (XRD) patterns of the KOH–LDH gel
owders and iron-oxide-supported carbon were obtained with Cu
 radiation (Ultima IV, Rigaku). The morphologies of these sam-
les were observed using a ﬁeld-emission-type scanning electron
icroscope (FE-SEM; S4800; Hitachi High-Technologies) equipped
ith an energy dispersive X-ray spectrometer (EDX; EX-250;
ORIBA). EDX analysis was performed to investigate the molar
omposition of the solid electrolytes. The gel powders obtained
ere pressed into pellets of 13 mm in diameter and ca. 1 mm
n thickness at 400 MPa  and room temperature. The apparent
ensity of the resultant pellet is about 1.8 g cm−3. Carbon paper
as employed as the electrodes on both sides of the pelletor conductivity measurements. The conductivities of the pellets
ere determined from the impedance data measured using an
mpedance analyzer (SI 1260; Solartron) in the frequency range
f 10 MHz–1 Hz. The temperature dependence of the conductivity
F
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as measured after keeping the pellets at 60% relative humid-
ty (RH) in a humidity- and temperature-controlled chamber for
 h. The conducting ion species of the KOH–LDH electrolytes were
etermined from the electromotive force of a water vapor concen-
ration cell according to the reported method [18]. The KOH–LDH
ellet, proton (H+) conductive Naﬁon®117 membrane and the
nion conductive Neosepta®AHA membrane were employed as
lectrolytes. Before use, the Neosepta®AHA membrane was treated
ith 1 M KOH solution to allow substitution of hydroxide ions
OH−) for chloride ions (Cl−). These electrolytes were sandwiched
etween Pt–C-loaded carbon paper sheets ([Pt]: 1 mg  cm−2) as
lectrodes. The electromotive force was  measured at 50 ◦C under
xposure to a dry air ﬂow on one side of the cell and humidiﬁed
ir (70% RH) on the other side. The charge–discharge properties
f the Fe–air batteries were obtained using an electrochemical
easurement system (SI 1287; Solartron). All measurements were
erformed at 20 ◦C and 60% RH. The current densities of charge and
ischarge were 0.25 and 0.10 mA  cm−2, respectively.
. Results and discussion
Fig. 1 shows the XRD patterns for KOH–LDH powders at
OH:LDH molar ratios of (a) 0, (b) 0.5:1, (c) 1:1, (d) 1.5:1, and (e)
:1. From the XRD pattern in the absence of KOH (spectrum (a)),
he formation of Mg6Al2CO3(OH)16 was conﬁrmed as expected. The
iffraction patterns of the KOH–LDH powders were similar to that
f pristine Mg–Al LDH, although some additional peaks of KNO3,
erived from raw nitrate materials and KOH, became appreciable
ith an increase of the KOH:LDH molar ratio. A large diffrac-
ion peak corresponding to a d-spacing of 0.77 nm between (0 0 3)
lanes remains at 11.4◦ in these powders. This result shows that the
ayered structure of pristine LDH is retained in the KOH–LDH pow-
ers. The compositional molar ratios of Mg:Al:K in the KOH–LDH
owders are analyzed by EDX. The nominal Mg:Al:K molar ratio
as 6:2:x. The analyzed molar ratios of Mg:Al:K for KOH–LDH
pproximately agreed with the nominal ratios in the range of x2  / deg. (CuK )
10 20 30 40 50 60 70
ig. 1. XRD patterns of KOH–LDH powders with different KOH:LDH molar ratios of
a)  0:1, (b) 0.5:1, (c) 1:1, (d) 1.5:1, and (e) 2:1.
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Fig. 2. Temperature dependence of ion conductivity at 60% RH for KOH-LDH pow-
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The formation of Fe3O4 particles was  conﬁrmed in addition to
the peaks attributed to carbon black from XRD measurements.
Fig. 4(a) shows the charge–discharge curves of the all-solid-state
Fe–air battery with a mixture of KOH–LDH solid electrolytes and
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Efficiencyers  with different KOH:LDH molar ratios of () 0:1, () 0.5:1, () 1:1, () 1.5:1,
nd  () 2:1.
stimated to be 50–100 nm in diameter, which is essentially the
ame as that of the pristine LDH particles from SEM images.
Fig. 2 shows the temperature dependence of the ionic conduc-
ivity of KOH–LDH pellets under 60% RH during a heating run in the
emperature range of 20–80 ◦C. Before measurement, the pellets
ere kept under the measurement conditions in a humidity- and
emperature-controlled chamber for about 1 h to stabilize the con-
uctivity values. The closed circles, open triangles, closed squares,
pen inverted triangles, and closed diamonds in Fig. 4 represent
he values for KOH-LDH pellets with the KOH:LDH molar ratio x:1,
here x is 0, 0.5, 1, 1.5, and 2, respectively. It is clear that KOH–LDH
ellets exhibit higher ionic conductivity than pristine LDH. The
emperature dependence of all pellets is not of the Arrhenius type
ut of the Vogel–Tamman–Fulcher (VTF) type. Water in the inter-
ayer and on the surface of the layered LDH materials contributes
o the mechanism of hydroxide ion conduction [19,20]. Such a
trong temperature dependence of the conductivity suggests that
ydroxide ions are transferred through the liquid-like phase of the
DH structures ﬁlled with water molecules. The conductivity grad-
ally increases with increasing x. As the temperature increases,
OH–LDH pellets with x > 1 have almost the same conductivity.
hen x = 2, the conductivity is higher by about half an order of
agnitude than when x = 0 and 0.5. Thus, it can be concluded that
he addition of KOH at approximately x = 2 is effective in enhancing
ydroxide ion transfer in LDH-based solid electrolytes. The ionic
onductivities of the pellets with KOH:LDH molar ratios of 0 and
:1 were estimated to be 1.5 × 10−3 and 3.7 × 10−3 S cm−1 at 80 ◦C,
espectively. Therefore, KOH dispersed in the matrix enhances the
onic conductivity of LDH.
The conducting ion species of the KOH–LDH electrolytes were
xamined from the electromotive force of a water vapor concen-
ration cell. The cell potentials for a proton conductive Naﬁon®
embrane, a hydroxide ion conductive Neosepta®AHA mem-
rane (OH− form), and the KOH–LDH pellet are shown in Fig. 3.
sing the Naﬁon® and Neosepta®AHA membranes as the refer-
nce electrolytes, the cell potentials were positive and negative,
espectively. The cell potential of the KOH–LDH pellet was negative.
When the water vapor concentration cells are fabricated, an
lectromotive force occurs as a result of the following reactions
t the electrodes for the proton conductive Naﬁon® membrane
18]:etside : 2H2O → O2 + 4H+ + 4e−
ryside : 4H+ + O2 + 4e− → 2H2O
F
s
aig. 3. Cell potentials of the water vapor concentration cells using the H+ conductive
aﬁon®117 membrane (), the OH− conductive Neosepta®AHA membrane (), and
he  KOH-LDH pellet (©).
nd for the Neosepta®AHA membrane (OH− form):
etside : 2H2O + O2 + 4e− → 4OH−
ryside : 4OH− → 2H2O + O2 + 4e−
The cell potentials of the two reference membranes have oppo-
ite signs. It can be concluded that the main ions conducted in
he KOH–LDH electrolytes are hydroxide ions because the nega-
ive cell potential is almost the same as that of the Neosepta®AHA
embrane.
All-solid-state Fe–air battery using the KOH–LDH solid elec-
rolyte was  fabricated as an application. The iron-oxide-supported
arbon was  employed as an anodic material. From SEM observa-
ions, iron oxide particles and their aggregates were discriminated
rom the carbon substrate in the secondary electron and backscat-
ered electron images. The particle diameters of carbon and the
ron oxide particles were estimated to be ≈40 nm and 10–50 nm.Cyc le nu mbe r
ig. 4. Charge–discharge curves (a) and cyclic performances (b) of the all-solid-
tate Fe–air battery using the composite anode without K2S additive. The charge
nd discharge rates were 0.25 and 0.1 mA  cm−2, respectively.
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[ig. 5. Charge–discharge curves (a) and cyclic performances (b) of the all-solid-
tate Fe–air battery using the composite anode with K2S additive. The charge and
ischarge rates were 0.25 and 0.1 mA cm−2, respectively.
ron-oxide-supported carbon as the negative electrode. In all
harge–discharge measurements, the cell was initially charged and
hen discharged. For the charge process, a cut-off time of 10 min
as set at a current density of 0.25 mA  cm−2. The capacity was  nor-
alized with respect to the weight of iron in the negative electrode.
ig. 4(b) shows the cyclic performance of the all-solid-state Fe–air
attery. The left and right vertical axes represent the discharge
apacity and efﬁciency, respectively, as functions of the cycle num-
er. Although the charge capacity was constant at 2.8 mAh g−1(Fe),
he discharge capacity increased from 0.5 to 1.2 mAh  g−1(Fe) during
ycling. The charge potential was 1.3 V during the initial charge pro-
ess; the cell potential, however, gradually increased to 5.1 V after
0 cycles. In all-solid-state batteries, continuous contacts between
ron particles, carbon, and the solid electrolyte are necessary to
orm conduction paths. In this study, a passive layer of iron could be
ccumulated at the interface between Fe3O4 particles and carbon
uring the discharge process. As a result of passivation of the iron
urface, a large polarization is needed during the charge process
o use residual unreacted iron. To improve the cyclic performance
f the Fe–air battery with iron-oxide-supported carbon, K2S was
dded into the composite anode because chemisorption of sulﬁde
ons to iron mitigates passivation by iron hydroxide. K2S was cho-
en because the effects of the sulﬁde ion on cyclic performance
ave been studied in alkaline electrolyte solutions [12–14]. Fig. 5
hows the charge–discharge curves and cyclic performance of the
ll-solid-state Fe–air battery using the composite anode with the
ddition of K2S. The discharge capacity and charge–discharge efﬁ-
iency were stable at about 1.9 mAh  g−1(Fe) and 30% over 30 cycles,
espectively. In the discharge curves, a plateau appeared around
.90 V, indicating that oxidation of Fe to Fe(OH)2 occurred during
[
[mic Societies 2 (2014) 165–168
ycling. This result refracts the fact that a part of Fe3O4 particles in
he negative electrode reduced to Fe metal during a charge pro-
ess and acted as an active material. Thus, the addition of K2S
mproved the discharge capacity and cyclic performance of the bat-
ery. We  believe that the KOH–LDH solid electrolyte can be applied
s hydroxide ion conductor for all-solid-state batteries.
. Conclusion
Hydroxide ion conductive electrolytes based on LDHs of
g6Al2CO3(OH)16 were prepared in the presence and absence of
OH. The LDH solid electrolyte with KOH exhibited relatively high
onic conductivity. The anode materials composed of the KOH–LDH
olid electrolyte and Fe3O4 particle-supported carbon were applied
s an all-solid-state Fe–air battery. The discharge performance was
mproved with the addition of K2S into the composite anode. Thus,
OH-LDH could be an important hydroxide ion conductive solid
lectrolyte for all-solid-state Fe–air batteries in the future.
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